Abstract
Introduction
Since the joint power system scheduling optimization is stochastic, dynamic, and involves time-delay, studies at home and abroad have been carried out on the development of power generation schemes and power system scheduling [1] . Commonly used methods include the equal incremental method, dynamic programming, linear programming, Lagrangian relaxation, the genetic algorithm, and the particle swarm optimization (PSO) algorithm. However, these algorithms all have their own limitations on solving the problem of scheduling optimization of hydrothermal power systems. The equal incremental method only satisfies the necessary conditions for the objective function to take the minimum value, not the sufficient conditions. Dynamic programming [2] suffers from the curse of dimensionality. Linear programming [3] requires linear simplification of the problems to be solved, thereby reducing the accuracy of the calculation. The Lagrangian relaxation [4] method has oscillations, even singular points, in the solution process. The genetic algorithm [5] and the PSO [6] algorithm have weak global search capability, and may easily fall into a local optimal solution. Consequently, none of these algorithms can accurately solve the problem of optimal power system scheduling.
In order to overcome the shortcomings of power system scheduling optimization and its corresponding solutions of traditional models [7] , this paper proposes a power system scheduling optimization model which takes the economic benefits, energy efficiency and environmental benefits into consideration. A new objective function, i.e. objective function of pollution emissions, is added to the objective function based on the conventional coal consumption costs. In this way, under the premise of effectively ensuring safe operation of the power system, the number of thermoelectric generator starts and stops can be minimized, and water resources can be used efficiently. This may also reduce pollutant emissions from electric power companies. This paper also uses the SCEM-UA [8] global optimization algorithm to solve the model. The SCEM-UA algorithm is a global optimization algorithm that combines the advantages of Shuffled Complex Evolution (SCE-UA) algorithm and Markov chain Monte Carlo (MCMC) method.
With the SCEM-UA algorithm, in the process of evolution the complexes are not partitioned into multiple sub-complexes. Instead, a Markov chain is constructed so that parameters evolve toward the target posterior probability distribution [9] . SCEM-UA algorithm is a global optimization algorithm with strong robustness. It can resolve the conflict between convergence speed and global search capability efficiently and so facilitate diversity within the population, improving the global search ability of the algorithm.
Mathematical Model for Optimal Scheduling of Power System Containing Cascade
Hydropower Stations
Objective function
Optimal power system scheduling models based on green economy no longer merely pursue economic benefits [10] . Instead, they pursue comprehensive benefits that cover economic, social, environmental, and other benefits. This scheduling mode allows the hydroelectric generators and the thermoelectric generators in the grid to interrelate and complement each other's advantages to achieve the maximum benefits of the system. The objective function of the optimal power system scheduling model based on green economy is as follows:
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Here, (t) coefficients in the mathematical model for gas emissions by thermoelectric power plant j.
Constraints
Variable constraints are important to the realization of optimal scheduling model. Only when the constraints are satisfied, the result of optimized scheduling become useful in a practical way. The optimal power system scheduling model based on green economy has a number of constraints [11] - [12] .
First, constraint of electricity balancing is the requirement that in one scheduling period, the total power generated by all the hydroelectric and thermoelectric generators in the power system equals the load demand of the grid.
Second, due to the hydraulic connection between upstream and downstream reservoirs, the output power of cascade hydropower station can be represented by the power flow and the storage capacity of the reservoir. This is called the constraint of hydropower output. The quadratic function of the output power of cascade hydropower station is as follows:
Here , respectively. Third, the constraint of power balance is the requirement that at any time, the total output power of all generators in the system must equal the system load. 
Fourth, the storage capacity of a hydroelectric power station is determined by the initial capacity, natural inflow and the discharge flow of the hydroelectric power. This is called the constraint of water balance. It is expressed as follows:
Fifth, under normal circumstances, the upper limit of generator output is the rated output, and the lower limit is the minimum stable output. This is called the constraint of generator output.
Sixth, the constraint of power flow is expressed as follows.
Seventh, the constraint of reservoir storage capacity is expressed as follows.
Eighth, the constraint of the output change of thermoelectric generators is expressed as follows.
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SCEM-UA Algorithm

Shuffled Complex Evolution Metropolis Algorithm
The SCEM-UA algorithm was developed by Duan et al. and first published in 1992. With this algorithm, a large initial random sample facilitates the exploration of the parameter space, increasing the chance of finding the global optimum of the prescribed density function. The use of a number of parallel sequences with different starting points facilitates an independent exploration of the search space, and can give the optimization problem more than one region of attraction [13] . In this way, heuristic tests can be used to determine whether the sequences convergence of the sequences to a limiting distribution has been achieved. By using complexes, (5) Shuffle complexes. Unpack all complexes C back into D, rank the points in order of decreasing posterior density, and reshuffle the s points into q complexes according to the procedure specified in step 4.
(6) Check convergence. Check the Gelman and Rubin (GR) convergence statistic. If convergence criteria are satisfied, stop; otherwise return to step 5.
Case Study
In order to verify the feasibility of the proposed algorithm, typical daily load data of a certain area from July 20, 2012 to July 31, 2012 are used to analyze the optimal operation problem of the power system in this area. The power system in this area consists of three thermoelectric power plants, Pinghai Power Plant, Shaoyang Power Plant, and Xiayong Power Plant, and three cascade hydropower stations. The scheduling period began on July 20, 2012 and ended on July 31, 2012, covering a total of 12 days. Each scheduling interval is one day. This case study aims to verify the superiority of established hydrothermal power system scheduling model based on green economy in improving the overall output level of the hydroelectric power stations, promoting conservation of non-renewable energy sources, and improving the comprehensive economic benefits of the system. The goal is also to verify the effectiveness of SCEM-UA algorithm in solving large-scale green scheduling model with strong nonlinear characteristics. Table 1 and Table 2 illustrate the reservoir characteristics coefficient and the main water indicators of the cascade hydropower stations, respectively. The consumption characteristic coefficients of thermal power plant units are calculated by using least squares fit based on coal consumption data of power plants subjected to grid scheduling in this area. The basic operating parameters are shown in Table 3 . Figure 1 shows the network structure of the cascade hydropower stations. The minimum coal consumption cost of the joint optimal hydrothermal power system scheduling using the two algorithms can be determined by running the SCEM-UA algorithm and PSO algorithm 20 times. Table 4 shows the daily power flow of the reservoirs (July 20, 2012-July 31, 2012) and the results of economically optimal scheduling of the hydrothermal power system using SCEM-UA algorithm and PSO algorithm. Figure 2 and 3 show the total active power outputs of the hydroelectric power system, the total active power outputs of the thermoelectric generators, and load changes over the entire scheduling period using the SCEM-UA and PSO algorithms, respectively. These results indicate that the sum of the daily hydropower output and thermal power output calculated by SCEM-UA algorithm is equal to the total electricity load, and thus the load balancing constraint is well satisfied. The operation scheduling of hydropower plants mainly involves adjusting the peak load in order to maintain a high-head operation of the hydropower plants so that maximum electricity can be generated under the same inflow conditions. The optimal scheduling of hydropower plants ensures the stable and efficient operation of thermoelectric power plants. In this way, the use of water energy resources during the scheduling period can be maximized, and coal consumption of thermal power plants can be reduced. Using the PSO algorithm, the calculated total daily electricity generated cannot balance the total load demand, and the operation of the hydroelectric generators cannot play an effective role in adjusting the peak load. Hence, the results are not ideal. 
419
To verify the effectiveness and stability of SCE-UA algorithm and PSO algorithm, figures regarding the optimal simulation results after running the two algorithms 20 times were here compared. As shown in Table 5 , the values of the objective function with SCEM-UA are $5795.89, $5903.19, and $5896.72, and those with PSO are $7728.83, $9649.23, and $8467.65. The objective function calculated using SCE-UA algorithm is notable superior to that using PSO algorithm in minimum value, average value and maximum value. In addition, SCE-UA completely satisfies all constraint conditions for hydroelectric and thermoelectric generators, including real-time load balancing and storage capacity constraints. The results of calculations made using PSO cannot satisfy the constraint of load balancing or the constraint of power change. Figure 4 and 5 show the changes in the objective function with number of iterations using the two algorithms, which describe the convergence characteristics of the two algorithms in the optimization process. The SCEM-UA algorithm can converge and produce good optimization results after a small number of iterations, demonstrating convergence characteristics significantly better than that of the PSO algorithm. In solving the short-term economic load scheduling for the hydrothermal power system, the result of the PSO algorithm may prematurely fall into a local minimum. In this way, it is impossible to find the global optimal solution. 
Conclusion
This paper establishes an optimal power system scheduling model in the green economy context. This model, while reducing production costs and emissions of gaseous pollutants, improves flexibility and response speed of power system scheduling. The present work has targeted the shortcomings of the PSO algorithm with respect to joint power system scheduling, large population size, long calculation time, and poor global optimization capability. It is here proposed that the SCEM-UA algorithm be used with strong global search capability and the strategy of penalty function constraint processing for solution. The proposed method can produce a precise description of the operation domain boundary of hydrothermal power system, and the scheme for short-term joint scheduling optimization of power system can be produced effectively in order to make rational use of hydropower resources while maximizing efficiency with respect to costs and thermal power fuels. Finally, a typical case study was evaluated to verify the practicability of the solution to the short-term optimal joint scheduling of power system using the SCEM-UA algorithm. Results show that the SCEM-UA algorithm can converge after a small number of iterations, reaching satisfactory optimization and while meeting all the constraints of joint scheduling of the hydrothermal power system. In terms of convergence effects, calculation time, and optimization, the SCEM-UA algorithm is more effective than the PSO algorithm. The current method provides an effective and practical solution of grid scheduling for energy-saving power generation.
